Bond order (B 0 ) and metal d orbital energy level (M d ) values were calculated for our recently developed Ti(6,7)Cr3Sn and Cr substituted Ti(6,7)Ag3Sn alloys developed in this study. Position of these alloys in the B 0 -M d phase stability map developed by Morinaga and co-workers was then determined. Phase constitution, mechanical and shape memory properties were co-related with the position of Ti(6,7)Cr3Sn and Cr substituted Ti(6,7)Ag3Sn alloy in the B 0 -M d phase stability map. Cr substitution with Ag has resulted drastic decrease in the bond order (B 0 ) and metal d orbital energy level (M d ) values, resulting drastic decrease in the strength, fracture strain and shape memory properties. Position of Ti(6,7)Cr3Sn alloys was within the twinning region of B 0 -M d phase stability map and these alloys exhibited good mechanical and shape memory properties due to stress induced martensitic transformation. It is concluded that position of developed TiCrSn and TiAgSn alloys in the B 0 -M d phase stability map not only affect the phase constitution but also the mechanical and shape memory properties.
Introduction
Due to excellent room temperature workability, large fracture strain, low elastic modulus of ¢ titanium alloys, shape memory properties of some of ¢ titanium alloys and ability to increase the strength of ¢ titanium alloys through ageing treatments, recently ¢ type titanium alloys achieved much attention for biomedical and engineering applications. 13) Shape memory and superelastic properties of metastable ¢ type titanium alloys are related to thermoelastic orthorhombic twinned martensitic (¡AA) phase transformation from parent ¢ phase upon cooling, detwinned martensite upon loading and reverse transformation from ¡AA to ¢ phase upon unloading (e.g., superelasticity) or upon heating (e.g., shape memory effect). 4) There are many reports especially related to TiNb 57) and TiMo 810) based ¢ titanium alloys for biomedical and engineering applications. Hosoda-Inamura research group is also working on ¢-titanium alloys for last about ten years. 1118) Recently TiCr based alloys also achieved attention for structural materials applications.
1924) Similar to Ti, Cr also belongs to transition metals group with six valence electrons and in alloys, Cr is present in trivalent (Cr
+3
) state which is non-toxic, however Cr +6 is toxic. 25) Hosoda-Inamura research group has recently reported TiCrSn, 26) TiCrMnSn, 27) TiCrSnN 28) and TiCrAuZr 29) alloys for biomedical and engineering applications. Hosoda-Inamura research group also reported the ageing behavior of Ti6Cr3Sn alloy from 3731173 K ageing treatments. 30, 31, 57, 58) Silver (Ag) is classified as one of the most biocompatible inert transition metal and has much higher electromotive force than titanium. 32) Ag is also ¢ phase stabilizer in titanium alloys. 33) Maeshima et al. reported that Ag addition is effective in depressing ½ phase precipitation and in improving the shape memory properties of TiMo alloys 34) . Ag has low melting point (1235 K) than titanium (1933 K) and many other ¢ phase stabilizers e.g., Nb (2741 K), Mo (2890 K) and Cr (2130 K) etc. Atomic radius of Ag (0.160 nm) is larger than Ti (0.147 nm), Cr (0.128 nm) and Sn (0.158 nm). 35) Ag addition is also found effective in improving the mechanical and biocompatible properties of NiTi based shape memory alloys. 36) Ag possesses many advantages such as excellent biocompatibility and satisfactory stability.
3739)
Recently NiTiAg thin films were developed to improve the biocompatible properties of NiTi based shape memory alloys. 40) Ag-containing coatings and Ag-based dental amalgams were developed even 50 years ago.
4143)
Kusano et al. 44) of Hosoda-Inamura research group recently reported that Ti5Cr developed alloy fractured after only 5% cold rolling reduction and so this alloy was unable to 96% cold rolling reduction. Hosoda-Inamura research group has also recently investigated that addition of Ag in Ti 5Cr alloys is effective in improving the cold workability and successfully cold rolled Ti5Cr4Ag alloy exhibited good mechanical, shape memory and pseudoelastic properties. 45) Hosoda-Inamura research group also reported that among developed TixCr3Sn alloys (x = 49 at%), Ti(6,7)Cr3Sn alloys exhibited good mechanical and shape memory properties due to stress induced martensitic phase transformation upon mechanical loading and reverse transformation of martensitic phase to parent ¢ phase upon heattreatment above austenite finish (A f ) temperature. 26) So one research objective of this study was to investigate the effect of Cr substitution with Ag on mechanical and shape memory properties of recently developed Ti(6,7)Cr3Sn 26) alloys. Results will also be compared with Ti5CrxAg (x = 2, 4 at%) alloys 45) to investigate how Ag response in TiAgSn and TiCrAg system.
The ideal shape memory titanium alloys should possess good workability; high strength, large fracture strain and 100% shape recovery due to shape memory effect. For a long time, such titanium alloys have been formulated mainly by trial and error methods, with no physical background representing the optimum choice. Then recently Morinaga et al. 46, 47) have established a theoretical, two-dimensional phase stability map, on the basis of electronic parameters; bond order (B 0 ) and the metal d orbital energy levels (M d ) calculated for general titanium alloys using the DV-X¡ molecular orbital method and superimposed those regions in two dimensional phase stability map over which slip and twinning provide the dominant deformation mechanism. It is assumed that bond order B 0 provides some measure of the strength of the bond between the alloying and mother elements and the metal d orbital energy level (M d ) correlates with the electronegativity and metallic radius of alloying element. 48, 55) The B 0 -M d phase stability map connects with the relative chemical stability of ¢ phase. 46, 56) From this B 0 -M d phase stability map, it is possible to estimate the subsequent deformation mode and the macroscopic mechanical properties since stress induced martensitic phase transformation, mechanical twinning or dislocation slip can occur as a function of the chemical stability of ¢ phase. 46, 55, 61) As it is well known that the shape memory alloys undergo stress-induced martensitic transformation and detwinning of initial twinned martensitic structure upon mechanical loading. 26, 52, 57) Position of these alloys fall in the twinning region of B 0 -M d phase stability map. For stable ¢ titanium alloys in the B 0 -M d phase stability map, ¢ phase remains stable upon mechanical loading, ¢ phase does not undergo stress induced martensitic transformation and for stable ¢ titanium alloys e.g., Ti9Cr3Sn, 26) slip is the dominant deformation mechanism. Therefore it is possible to estimate the mechanical properties and deformation mechanism of titanium alloys on the basis of position of these alloys in the B 0 -M d phase stability map. 46, 54, 55) Recently Morinaga research group 55) also showed the martensitic start (M s ) and martensitic finish (M f ) temperature lines in the B 0 -M d phase stability map, so it is possible to estimate the transformation temperatures of designed alloys in the B 0 -M d phase stability map. However some discrepancies were found between experimental determined and theoretical calculated transformation temperatures for multielementary alloys. 54) It is given in Fig. 2 , 55) that least stable ¢ titanium alloys in the twinning region of B 0 -M d phase stability map undergo stress induced martensitic transformation as there is small stability difference between ¢ and ¡AA martensite in this region and these alloys for example Ti(3540)Nb 62) showed shape memory effect and Ti(40 42)Nb 62) showed superelasticity depending upon transformation temperatures and test temperatures. However neither the superelasticity nor the shape memory phenomenon appears in the more stable ¢ phase Ti-> 42Nb 62) alloy where the M s temperature lies well below RT and stability difference between ¢ and ¡AA is too large, so there was no martensitic transformation instead slip was the dominant deformation. Bond order (B 0 ) and metal d orbital energy level (M d ) values of Ti3Sn, Ti5Cr and recently developed Ti(6,7)Cr3Sn, 26) Ti5Cr4Ag 45) and Cr substituted Ti(6,7)Ag3Sn alloys developed in this study were calculated using the B 45) and Ti(6,7)Ag3Sn alloys that are developed in this study affects the mechanical and shape memory properties.
Experimental Procedure
Ti(6,7)Ag3Sn (at%) alloy ingots having 20 g weight for each ingot were fabricated by arc melting in Ar1%H 2 atmosphere using high purity (99.99%) starting elemental materials and non-consumable W-electrode. The mass loss after alloy fabrication (melting) was less than 0.2% and was therefore considered to be negligible. The ingots were homogenized at 1273 K for 7.2 ks under vacuum level of 0.003 Pa followed by quenching into water. Then the ingots were cold roll to 96% in thickness reduction. After cold rolling, sheet thickness was 400 µm and sheet width was about 10 mm. Samples were cut from this cold rolled sheet using cutting wheel in the direction of rolling. Due to mechanical polishing of samples after cutting, samples thickness was reduced to about 200 µm (0.2 mm). Then samples were mechanically polished, wrapped in titanium foil and solution-treated at 1273 K for 1.8 ks followed by quenching into water.
Solution-treated alloy specimens were mechanically polished and mechanical testing (tensile, cyclic test) was carried out. Chemical etching was done by dipping mounted specimens of Ti(6,7)Cr3Sn and Ti(6,7)Ag3Sn alloys in an etching solution of 40 ml HNO 3 , 10 ml HF and 50 ml H 2 O for 180 s. Back scattered electron images were then taken at an accelerating voltage of 20 KV using JEOL JSM-7001F field emission scanning electron microscope. ª2ª X-ray diffraction (XRD) analysis was performed at room temperature (RT) using Philips PANalytical X'Pert MPD; model number He/Ro/V/3 23/95 from 30 to 90°, step size of 0.02°/sec in 2ª using CuK¡ radiation. For tensile tests, the specimens were cut along the rolling direction of 0.2 mm in thickness, 2 mm in width and 20 mm in length. An Instron-type Shimadzu AG-1kN tensile machine was used and 5 © 10 ¹4 /s strain rate was selected. Shape memory effect was measured by bending test. Specimens were first deformed using 9.5 mm mandrel. For shape recovery, deformed specimens were heated using cigarette lighter. Recovery ratio due to shape memory effect (R SME %) was measured using the following equation.
Where ¾ s is the surface strain after bending deformation and ¾ r is the residual surface strain after heating. Surface strain is calculated using the following equation:
where d is specimen thickness and R is radius of curvature of mandrel.
Results and Discussion

Phase analysis
Back scattered electron images of Ti(6,7)Cr3Sn and Cr substituted Ti(6,7)Ag3Sn alloys are provided in Figs. 1 and 2 respectively. XRD analysis of Ti(6,7)Cr3Sn 26) and Cr substituted Ti(6,7)Ag3Sn alloys developed in this study is given in Fig. 3 . Only ¢ phase was detected for Ti6Cr3Sn and Ti7Cr3Sn alloys as given by back scattered electron images in Figs. 1(a), (b) and XRD analysis given in Fig. 3(a) . However for Cr substituted Ti6Ag3Sn and Ti7Ag3Sn alloys, only ¡A (hexagonal closed pack; hcp) martensitic structure was detected as shown in Figs. 2(a), (b) and XRD analysis given in Fig. 3(b) . This result showed that Cr is strong ¢ phase stabilizing element compared to Ag. Presence of only ¡A martensite for Ti6Ag3Sn and Ti7Ag3Sn alloys showed that martensite finish temperature (M f ) for these two alloy compositions was above room temperature. On the other hand, presence of only ¢ phase for Ti6Cr3Sn and Ti 7Cr3Sn alloys showed that martensite start temperature (M s ) for these two alloy compositions was below room temperature. It was reported by Hosoda-Inamura research group in Ref. 45 ) that ¢ + ¡A martensite two-phase structure was detected for Ti5Cr2Ag and Ti5Cr4Ag developed alloys. However ¢ phase was major phase and martensitic phase was very small in intensity for Ti5Cr4Ag alloy compared to Ti 5Cr2Ag alloy that has ¡A martensite as major phase peak. 45) This showed that Ag addition was clearly acting as ¢ phase stabilizing element in Ti5Cr4Ag alloy. 45) Presence of small amount of martensitic phase for Ti5Cr4Ag alloy 45) was due to presence of large amount (e.g., 5 at%) of strong ¢ phase stabilizing element Cr compared to presence of weak ¢ phase stabilizing Ag in Ti6Ag3Sn and Ti7Ag3Sn alloys.
So from back scattered electron images given in Figs. 1 and 2 and XRD analysis given in Fig. 3 , it was summarized that Cr substituted Ti6Ag3Sn and Ti7Ag3Sn alloys have single ¡A martensite phase structure. On the other hand, XRD analysis of (a) Ti(6,7)Cr3Sn 26) and (b) Ti(6,7)Ag3Sn alloys, only ¢ phase for Ti(6,7)Cr3Sn was analyzed. Cr substituted Ti (6,7)Ag3Sn alloys have ¡A martensitic phase structure. Cr was analyzed as strong ¢ phase stabilizer compared to Ag.
Ti6Cr3Sn and Ti7Cr3Sn alloys have single ¢ phase structure. Ag was analyzed as ¢ phase stabilizing element as martensitic phase peak was very small in intensity with ¢ as major phase peak for Ti5Cr4Ag alloy compared to Ti5Cr 2Ag alloy containing ¡A martensitic phase structure. 45) 
Where X i was the atomic fraction of an alloying element. Bond order (B 0 ) and metal d orbital energy level (M d ) values of pure metals were calculated and reported by Morinaga and co-workers 46) and these values were used to calculate the composition average values of bond order (B 0 ) and metal d orbital energy level (M d ) values of developed ternary titanium alloys. Position of Ti, Ti3Sn, Ti5Cr and developed Ti(6,7)Cr3Sn, Ti5Cr4Ag and Ti(6,7)Ag3Sn alloys is given in the B 0 -M d two dimensional phase stability map (Fig. 4) developed by Morinaga and Co-workers. 46) As shown in Fig. 4 , addition of Cr in Ti3Sn alloy has resulted small decrease in bond order (B 0 ) and metal d orbital energy level (M d ) values. As discussed in section 3.4 Ti(6,7)Cr 3Sn developed alloys exhibited good mechanical properties due to stress induced thermo elastic martensitic transformation. 26) Composition of these alloys fall in the twinning region of B 0 -M d phase stability map that correspond well with experimental results. 26) From back scattered electron images (Fig. 2) and XRD ( Fig. 3(b) ) results of Ti(6,7)Ag3Sn alloys developed in this study, these alloys have only ¡A martensitic structure. However from the position of Ti(6,7)Ag3Sn alloys in the B 0 -M d phase stability map, these alloys fall in the category of ¡ + ¢ titanium alloys. Reason for this difference of phase constituent in theoretical and experimentally determined results is the effect of quenching treatment. For Ti (6,7)Ag3Sn alloys, ¡ + ¢ two phase structure was expected by slow cooling from ¢ phase region (e.g., 1273 K solutiontreatment). However due to quenching from 1273 K only ¡A martensitic phase resulted showing that martensite finish temperature of Ti(6,7)Ag3Sn alloys was above the room temperature. It was also analyzed from Fig. 4(g, h) that there was drastic decrease in the bond order (B 0 ) and metal d orbital energy level (M d ) values by substitution of Cr with Ag in Ti6Ag3Sn and Ti7Ag3Sn alloys. This result showed that addition of Ag in Ti3Sn alloys severely disturbed and reduced the bonding force between mother (Ti) and solute (Ag and Sn) atoms. Position of Ti5Cr4Ag alloy as shown in Fig. 4 was at the boundary line of martensitic region and as given in Ref. 45) , ¢ + ¡A martensitic phase structure was analyzed for Ti5Cr4Ag alloy. Ti5Cr4Ag alloy also exhibits good mechanical and shape memory properties due to stress induced martensitic transformation and reverse transformation of martensite to parent ¢ phase upon heattreatment above A f .
45) B 0 -M d values of Ti5Cr4Ag alloy were higher than Ti(6,7)Ag3Sn alloys and lower than Ti(6,7)Cr3Sn alloys as shown in Fig. 4 . Position of titanium alloys in the B 0 -M d phase stability map is related with the relative stability of constituent phases.
46) ¢-type Ti-based alloys deform either by slip or twin mechanism. 26, 59) The stress-induced martensitic transformation also takes place in some metastable ¢ titanium alloys. 26, 60) From this B 0 -M d phase stability map, it is possible to estimate the subsequent deformation mode (slip, twining) or stress induced martensitic transformation and resulting effects on the mechanical and shape memory properties. It is well known that the shape memory alloys undergo stress-induced martensitic transformation and detwinning of initial twinned martensitic structure upon mechanical loading. 26, 52, 56, 60) Position of Ti(6,7)Cr3Sn alloys in the B 0 -M d phase stability map falls within the twinning region. It is also given by HosodaInamura research group in Ref. 26 ) that Ti(6,7)Cr3Sn alloys exhibit good mechanical and shape memory properties due to stress induced martensitic transformation upon mechanical loading and reverse transformation of martensitic phase to parent ¢ phase upon heat-treatment above A f . It is also shown by arrows in the optical micrographs of Fig. 5 , 26) that some martensitic plates after unloading are clearly twinned oriented. As only ¡A martensitic phase structure was analyzed for Cr substituted Ti(6,7)Ag3Sn alloys that are developed in this study and position of Ti(6,7)Ag3Sn alloys fall in the ¡ + ¢ region, so for these alloys, slip was the dominant deformation mechanism. ¡A martensite is stable in the shaded region of B 0 -M d phase stability map (Fig. 4 ) and in this region; slip is the dominant deformation mechanism. Ti5Cr (¡A martensite phase) whose position falls in the shaded region exhibited poor cold workability and high hardness. 44) Phase constitution of Ti(6,7)Cr3Sn, 26) Ti5Cr4Ag 45) and Ti(6,7)Ag3Sn alloys developed in this study was also according to position of these alloys in the B 0 -M d phase Fig. 1 , 55) , position of Ti(6,7)Cr 3Sn alloys is above the M s transformation temperature line 55) and as shown in Fig. 1 , only ¢ phase was analyzed at room temperature. Similarly position of Ti5Cr4Ag that has ¢ + martensite two phase structure at room temperature as shown in Fig. 1 , 45) falls in between the M s and M f temperature lines of Fig. 1 . 55) Position of Cr substituted Ti (6,7)Ag3Sn alloys falls below the M f transformation temperature line of Fig. 1 55) and as shown in Figs. 2 and  3(b) , only ¡A martensitic phase was analyzed at room temperature. Therefore phase constitution at room temperature of Ti(6,7)Cr3Sn (only ¢), Ti5Cr4Ag (¢ + martensite) and Ti(6,7)Ag3Sn (only ¡A martensite) alloys was according to position of these alloys in the modified B 0 -M d phase stability map. 55) 
Cold workability
Similar to Ti6Cr3Sn and Ti7Cr3Sn alloys, 26) Cr substituted Ti6Ag3Sn and Ti7Ag3Sn alloys were also successfully cold roll to 96 cold rolling reduction. However edge cracking in Ti6Ag3Sn and Ti7Ag3Sn alloy strips was severe compared to Ti6Cr3Sn and Ti7Cr3Sn alloys. As discussed in sections 3.43.5 and reported in Ref. 26 ) that Ti6Cr3Sn and Ti7Cr3Sn alloys having single ¢ phase structure at room temperature have good ductility due to transformation of ¢ phase to stress induced thermo-elastic martensitic phase upon mechanical loading. So good cold workability of Ti(6,7)Cr3Sn alloys was related to transformation of ¢ phase to stress induced martensitic phase. It is also discussed in sections 3.43.5, that Cr substituted Ti 6Ag3Sn and Ti7Ag3Sn alloys developed in this study have poor ductility without any shape memory effect. Absence of shape memory effect for Ti(6,7)Ag3Sn alloys showed that there was no such stress induced thermo-elastic martensitic transformation and so no reverse transformation upon heat-treatment. This also showed that slip was the dominant deformation mechanism for Ti(6,7)Ag3Sn alloys. So edge cracking in Ti(6,7)Ag3Sn alloys was related to poor ductility of these alloys compared to Ti6Cr 3Sn and Ti7Cr3Sn alloys that have good ductility and shape memory properties. Other reason of small edge cracking for Ti(6,7)Cr3Sn alloys was related to presence of only ¢ phase. 26) This is well reported that ¢ phase in titanium alloys having disordered bcc structure is soft phase compared to hexagonal closed pack (hcp) ¡ (diffusional transformation product), athermal/isothermal ½ having hexagonal structure or hcp ¡A martensitic (diffusionless transformation product) phase structure. 30, 31, 49, 50, 53) 
Mechanical properties comparison of Cr substituted
TiAgSn alloys Tensile stressstrain curves of Ti(6,7)Cr3Sn 26) and Cr substituted Ti(6,7)Ag3Sn alloys developed in this study are given in Fig. 5 . Yield stress, UTS and fracture strain values of these developed alloys are given in Table 1 . As shown in Fig. 5 and Table 1 , Ti6Cr3Sn (UTS = 586 MPa, fracture strain = 41%) and Ti7Cr3Sn (UTS = 640 MPa, fracture strain = 15%) alloys exhibited good strength-ductility correspondence. These good mechanical properties were related to stress induced martensitic transformation during mechanical loading due to high critical stress for slip deformation compared to stress required for martensitic transformation. 26) Position of Ti(6,7)Cr3Sn falls within the twinning region of B 0 -M d phase stability map (Fig. 4) and this correspond well with experimental results given in Figs. 5(c), (d) . Increase in UTS and decrease in fracture strain for Ti7Cr 3Sn alloy compared to Ti6Cr3Sn alloy was related to solid solution strengthening, ¢ phase stabilization and slip as dominant deformation mechanism. 26) As shown in Fig. 5 and Table 1 , strength and fracture strain of Cr substituted Ti6Ag3Sn (UTS = 370 MPa, fracture strain = 6%) and Ti7Ag3Sn (UTS = 244 MPa, fracture strain = 3%) alloys were drastically reduced compared to Ti6Cr3Sn and Ti7Cr3Sn alloys. As discussed in section 3.1, Cr substituted Ti6Ag3Sn and Ti7Ag3Sn alloys have single ¡A martensitic structure compared to single ¢ phase for Ti6Cr3Sn and Ti7Cr3Sn alloys. It is well reported that titanium alloys having single ¢ phase structure have good ductility compared to ¡ + ¢ titanium alloys. 31, 32, 51, 52) Atomic radius of Ag (0.160 nm) is larger than Cr (0.128 nm). So substitution of Cr with Ag in Ti(6,7)Ag 3Sn alloys should increase the local stress field and so strength of Cr substituted Ti(6,7)Ag3Sn alloys should be higher than the strength values of Ti(6,7)Cr3Sn alloys. (Fig. 4) exhibited excellent strength-fracture strain correspondence compared to Ti(6,7)Ag3Sn alloys that fall in the ¡ + ¢ region of B 0 -M d phase stability map. However from our experimental results shown in Fig. 5 , strength values of Ti(6,7)Ag3Sn alloys were found much lower than the strength values of Ti(6,7)Cr3Sn alloys. It is given in Fig. 4 that the bond order (B 0 ) and the metal d orbital energy level (M d ) values drastically decreased by substitution of Cr with Ag in Ti(6,7)Ag3Sn alloys. Bond order B 0 is related to the strength of the bond between the alloying and mother elements and the metal d orbital energy level (M d ) correlates with the electronegativity and metallic radius of alloying element. 48, 55) Drastic decrease in the bond order (B 0 ) values showed drastic decrease in the strength of the bond between the alloying (Ag) and mother (Ti) atoms. Drastic decrease in the bond order (B 0 ) and the metal d orbital energy level (M d ) values has resulted drastic decrease in the strength values of Ti(6,7)Ag3Sn alloys compared to Ti(6,7)Cr3Sn alloys. So difference in atomic size of solute and solvent atoms is not the only factor for strengthening of ¢ titanium alloys. Large fracture strain values for Ti(6,7)Cr 3Sn alloys is related to transformation of ¢ phase to stress induced martensitic phase during mechanical loading due to low critical stress for martensitic transformation and high critical stress for slip deformation. 26) However as discussed in section 3.5, Cr substituted Ti(6,7)Ag3Sn alloys did no exhibit shape memory effect. This result showed that there was no such stress induced martensitic transformation and so no reverse transformation upon heating, resulting absence of shape memory effect. This also showed that the slip was the dominant deformation mechanism for Cr substituted Ti (6,7)Ag3Sn alloys. So low fracture strain values of Ti (6,7)Ag3Sn alloys is related to slip as dominant deformation mechanism compared to Ti(6,7)Cr3Sn alloys 26) where there was dominant stress induced martensitic transformation during mechanical loading. It is also given by M. AbdelHady of Morinaga research group in Fig. 10 61) that alloy 4 whose composition falls in the ¢/¢ + martensite region of B 0 -M d phase stability map exhibits large fracture strain due to stress-induced martensitic transformation.
As shown in Fig. 5 and Table 1 , Ti7Ag3Sn alloy has minimum strength and fracture strain values among the developed Ti(6,7)Cr3Sn and Ti(6,7)Ag3Sn alloys. It was also shown in Fig. 5 that both the strength and fracture strain of Ti6Ag3Sn alloy were higher than Ti7Ag3Sn alloys. It is expected from these results for future studies, that the strength and fracture strain of Ti(6,7)Ag3Sn alloys can be improved by further decreasing the amount of Ag in Ti3Sn alloys. Strength and fracture strain values of Ti5Cr4Ag alloy as reported in Ref. 45 ) were higher than Ti(6,7)Ag 3Sn alloys but lower than Ti(6,7)Cr3Sn alloys. Position of Ti5Cr4Ag in the B 0 -M d phase stability map (Fig. 4) was higher than Ti(6,7)Ag3Sn alloys and lower than Ti (6,7)Cr3Sn alloys. This result showed that the position of titanium alloys in the B 0 -M d phase stability map 46, 47, 55) affects the phase constitution, phase stability, phase transformation and resulting effects on the mechanical properties.
Shape memory properties comparison of Cr sub-
stituted TiAgSn alloys Shape memory effect measurement results are given in Fig. 6 . Ti(6,7)Cr3Sn developed alloys 26) exhibited good shape memory effect that was related to reverse transformation of remaining martensite after unloading to parent ¢ phase upon heating. Shape recovery ratio of Ti7Cr3Sn alloy was lower than Ti6Cr3Sn alloy due to ¢ phase stabilization with increasing Cr content and increase in slip due to permanent deformation. Hosoda-Inamura research group also showed in Ref. 26 ) that Ti9Cr3Sn alloy did not exhibit shape memory effect; this alloy was deformed only by slip without any stress induced martensitic transformation, so no reverse transformation upon heat-treatment resulting absence of shape memory effect. Position of Ti9Cr3Sn alloy in the B 0 -M d phase stability map falls close to stable ¢ phase region. So Ti(6,7)Cr3Sn alloys that fall within the twinning region of B 0 -M d phase stability map (Fig. 4) showed shape memory effect due to transformation of ¢ phase to stress induced martensite upon bending test and reverse transformation of this martensite to parent ¢ phase upon heat-treatment above A f . However Cr substituted Ti (6,7)Ag3Sn alloys exhibited almost zero shape memory effect due to initial ¡A (hexagonal closed pack; hcp) martensitic structure before bending test (Figs. 2 and 3(b) ), no phase transformation upon bending and so no reverse transformation upon heat-treatment above A f , so no shape memory effect. Position of Ti(6,7)Ag3Sn alloys in the B 0 -M d phase stability map (Fig. 4) was not in the twinning region and these alloys were located in the ¡ + ¢ two phase region and generally ¡ + ¢ titanium alloys exhibit negligible or zero shape memory properties due to increase in stability and decrease in the amount of remaining ¢ phase that could transform to martensitic phase. 31) Shape memory properties of Ti(6,7)Ag3Sn alloys were according to position of these alloys in the B 0 -M d phase stability map as given in Figs. 4(g), (h). As reported by Hosoda-Inamura research group in Ref. 45 ) that Ti5Cr4Ag alloy exhibits good shape memory properties. Position of Ti5Cr4Ag alloy in the B 0 -M d phase stability map was at the boundary line of martensitic phase region and as given in Ref. 45 ), Ti5Cr 4Ag has ¢ + martensite two phase structure. So position of Ti5Cr4Ag in the B 0 -M d phase stability map (Fig. 4(f ) ) was again corresponding well with the shape memory properties of this alloy. (Fig. 4) having single ¢ phase structure (Figs. 1 and 3(a) ) exhibited good mechanical properties due to transformation of ¢ phase to stress induced martensite during mechanical loading that was due to high critical stress for slip deformation compared to stress required for martensitic transformation and good shape memory properties due to reverse transformation of stress induced martensite to parent ¢ phase upon heat-treatment above A f . However Cr substituted Ti(6,7)Ag3Sn alloys having ¡A martensite phase whose position falls in the ¡ + ¢ region of B 0 -M d phase stability map (Fig. 4) exhibited poor mechanical (e.g., low strength, low fracture strain) properties due to drastic decrease in the bond order (B 0 )-metal d orbital energy level (M d ) values, slip as dominant deformation mechanism and poor shape memory properties due to slip as dominant deformation mechanism, absence of stress induced martensitic transformation, so no reverse transformation upon heattreatment above A f .
Conclusions
Only ¢ phase structure was detected for Ti(6,7)Cr3Sn alloys. However ¡A martensitic phase structure was detected for Cr substituted Ti(6,7)Ag3Sn alloys. Ag was found as weak ¢ phase stabilizing element compared to Cr. Ti (6,7)Cr3Sn alloys exhibited good mechanical properties due to stress induced martensitic transformation and good shape memory properties due to reverse transformation of martensite to parent ¢ phase upon heat-treatment above A f . However Cr substituted Ti(6,7)Ag3Sn alloys exhibited poor mechanical properties without shape memory effect due to drastic decrease in the bond order (B 0 ), metal d orbital energy level (M d ) values and absence of phase transformation. Position of developed ternary Ti(6,7)Cr3Sn, and Ti5Cr 4Ag alloys in the bond order (B 0 )-metal d orbital energy level (M d ) values were correlated well with their practically determined constituent phases, mechanical and shape memory properties. However some difference in the phase constitution on the basis of B 0 -M d values and practically determined phases were analyzed for Ti(6,7)Ag3Sn alloys that was expected to be related to quenching treatment. On the other hand, Ti(6,7)Cr3Sn 26) alloys exhibited large fracture strain and good shape memory effect. Position of Ti(6,7)Cr3Sn alloys in the B 0 -M d phase stability map (Fig. 4) was within the twinning region and that of Ti(6,7)Ag3Sn alloys was in the (¡ + ¢) region.
